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1. Introduction. 
1.1. Reasons for conducting the study 
The experL~ental phase of the present study was 
initiated during 1947 at the B.U. Upper Atmosphere Research 
Laboratory under Contract W-28-099-ac-305 with the Air 
Force. Work on other rocket experiments was already in 
progress there under the same contract. 
In 1947 there was essentially no detailed experimen-
tal information which was available on boundary-layer 
heat-transfer characteristics of high-velocity, high-altitude 
missiles. This was, of course, the basic reason for ini-
tiating the present study. Incidentally, our results 
strongly suggest that a great deal more such work needs 
to be done. 
It is currently the custom for work in fluid mech-
anics and heat transfer to be conducted in · aeronautical or 
mechanical engineering laboratories. Nevertheless, the 
problems of measuring skin temperatures on rockets were 
of considerable interest, and a challenge, to the physicists 
concerned at Boston University. The present work was thus 
performed simultaneously with various other studies on 
physics of the upper atmosphere. 
The temperature data which resulted from the ex-
perimental work were presented in the final report on 
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Contract W28-099-ac-305 by Low (1952). The analysis 
and evaluation of those data, which fonn the principal 
subject of this thesis, were carried out in the Upper 
Atmosphere Research Laboratory at Boston University under 
Contract AF33(616)-382, extending from 15 January 1953 to 
31 October 1954. The entire activity was summarized in 
considerable detail in the final report on the latter 
contract (Low, 1954). However, further study, beyond the 
scope of these contracts, has been given to the analysis 
of the ex:perimental results in the material presented here. 
1.2. Survey of the methods used in the experiment 
and data malysis. 
1.2.1. Experimental approach. 
The original objective of the experiment may be 
thought of as the evaluation of the heat-transfer coef-
ficient (h) for the boundary layers which exist on a 
high-velocity missile. The heat-transfer coefficient is 
defined by the deceptively simple equation, 
J ( T, - - ) 
'I ~w /...., 1.2(1) 
where 
r . t% 
'1/ .J~ 1.2(2) 
Taw is the adiabatic wall temperature. ~~en the wall 
temperature (Tw) reaches the value Taw' the thermal poten-
tial is reduced to zero, e.nd the heat-transfer rate ( q) 
consequently becomes zero. The recovery factor ( r) may 
be considered as a property of the fluid in the boundary 
layer, since it is related to the Prandtl number (Pr). 
It has been established (Kaye, 1954) both theoretically 
and experimentally that, for steady flows, one has very 
nearly 
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where n = 1/2 for laminar flow 
n ~ 1/3 for turbulent flow 
Using Eq. 1.2(3), one may evaluate Taw at every 
altitude of the rocket at which the free-stream tempera-
ture (T0 ) and rocket velocity (U0 ) are known. Therefore, 
in order to find h from Eq. 1.2(1), it is necessary to 
measure both q and Tw at the same instant. Now, it is 
possible to employ various portions of the rocket skin 
itself as a heat meter to measure the two quantities, q 
and Tw· One may continuously measure the temperature of 
a selected section of skin. One may also compute the in-
stantaneous time-rate of change in Tw, from which the 
local rate of heat influx (q) may be found. Such tem-
perature measurements, made directly on the rocket skin, 
have been performed by other workers, as we shall see in 
Section 2.2. But it may be desirable to obtain values of 
h which correspond to different values of Tw at each 
rocket station. In other words, one may re quire that the 
wall be cooled (or po·s s ibly heated) at different rates, and 
by means which are under the control of the experimenter. 
We achieved such a condition in the present experiment by 
placing three stainless-steel diaphragms close together in 
the skin at each rocket station. The three di aphragms were 
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similar except for their thermal capacities; each had 
a different instantaneous value of Tw, and each was heated 
at a different instantaneous rate by the boundary layer. 
Values of h which corresponded to each value of Tw could 
then be computed from Eq. 1.2(1), using 1.2(!3). 
In the performance of the experiment, two resistance 
thermometers were cemented on the inner surface of each 
steel diaphragm, or heat meter. All the resistance ther-
mometers were switched in turn into an AC resistance bridge 
whose voltage output was amplified, and telametered and 
recorded during rocket flight. The records of trace de-
flections were translated into corresponding variations in 
temperature, which were plotted against time after rocket 
launching. 
In all, nine V-2 rockets and two Aerobee rockets 
carried our experiment. _They are listed in Table 1.2-1, 
in which will also be found dates of flight, and brief com-
ments on the results. Of the eleven missiles, three V-2's 
and the two Aerobees were selected as providing data which 
seemed suitable for analysis. These selected rockets are 
identified in the table by underscored numbers. Since the 
total mass of data for these five missiles was very large, 
we have selected only representative samples for inclusion 
in the present report. 
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Table 1.2-1 
Rockets Instrumented For Heat Meter Measurements 
Rocket No. 
V-2 #28, Blossom IIB 
V-2 #37, Blossom III 
V-2 #41, Blossom IVA 
V-2 ~ Blossom IVB 
V-2 #32, Blossom IVC 
V-2 li.§b. Blossom IVD 
V-2 #51, Blossom IVG 
V-2 #57, Blossom IVE 
V-2 #61 (BRL) 
AFCRC Aerobee #1 
AFCRC Aerobee #8 
Date Flown 
7 December 1947 
11 June 1948 
21 March 1949 
14 June 1949 
16 September 1949 
8 December 1949 
31 August 1950 
8 March 1951 
26 October 1950 
2 December 1949 
12 October 1950 
Remarks 
Prelimlnary test; no data 
Partial instrumentation*; 
good data 
Ground telemetry recorders jammed; no data 
Full instrumentation*; good data 
Missile failure; no data 
Full instrumentation*; good data 
Full instrumentation*; fin data 
oruy 
Missile failure; no data 
Partial instrumentation; poor data 
Full instrumentation*; rea-
sonably good data 
Full instrumentation*; rea-
sonably good data 
*Full instrumentation includes 4 clusters of heat meters in the nose and body and 4 
clusters in one fin, for V-2's, or a total of 8 clusters for the Aerobees. 
CJj 
1.2.2. Methods of data analysis. 
In the preceding section, it has been shown how ex-
perimental values of h may be obtained from Eq. 1.2(1) 
when simultaneous values of q and Tw are measured, and 
when Eq. 1.2(3) is used to determine values of recovery 
factor. This process we shall call the "standard" method. 
Now, a principal reason for desiring to obtain values 
of h is to determine whether the boundary layer at a par-
ticular time and rocket station is of a laminar or tur-
bulent character. Both theory and experiment delineate 
distinct and definite values of h which characterize such 
conditions. But, for a given set of flow conditions, one 
expects h to be rather independent of Tw·* If h is in-
dependent of Tw, it follows at once from Eq. 1.2(1) that, 
for a given Taw' a plot of q vs. Tw should be a straight 
line having a slope of -h. 
Since each of the three heat meters at e. given rocket 
station presented to the boundary layer a different instan-
taneous value of Tw, one may plot three values of q vs. T0 
for each station at a given time. When, for a given value 
of' Taw' such points lie closely on a straight line, it may 
*Van Driest (1952) finds h to be a very mild function of' Tw• 
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be concluded that h is well-behaved, in the sense of not 
being a function of the independent variable Tw• For con-
venience, we plot q vs. Tw/Tst, ~nere Tst is given by 
1.2(4) 
Notice that we have not invoked Eq. 1.2(3) for r, 
yet we can solve for h from the slope of the straight line 
mentioned above. The fact is that r may be very simply and 
independently computed from the same straight~ine plot; only 
the instantaneous value of free-stream Mach number is required 
in addition. 
The use O·f q vs. Tw/Tst plots we call the "variable 
wall-cooling" method of analysis. No other known missile 
experiments can be subjected to this method. Its consider-
able advantages are not available without cost, however. 
In particular, serious errors may appear in local values 
of h, due to temperature discontinuities along the surfaces 
of the heat meters themselves. On the other hand, there 
should be no corresponding errors in the values of r. Being 
able to find h and r independently may therefore offer a 
net gain, especially in view of the fact that the errors in 
h can be estimated quite readily. 
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1. 3. Summary of results and conclusio.ns. 
When the experimental data were trea-r.ed according 
to the "standard" method outlined in Section 1.2.2 above, 
values of h were obtained which correlated reasonably well 
within the expected limits for laminar and turbulent flows. 
When transitions between one type of flow and the other 
seemed indicated, those transitions occurred near a Rey-
nolds number of 10°, which compares well with the results 
of other workers, such as Fischer and Norris (1948) • .A 
disquieting observation appeared, however, It seemed that 
h was not well-behaved in the sense of Section 1.2.2 above; 
that is, h appeared to depend upon the value of Tw at each 
heat meter. 
One may ask the question: "Are there values of h and 
r which permit h to be well-behaved, in the sense of Section 
1.2.2?'' In the present case, pursuit of an answer to this 
question resulted in a strongly affirmative answer. At first, 
however, we employed a means which was inelegant. Its 
assumptions and conclusions proved to be equivalent to those 
of the "varie.ble wall-cooling" method, although this equi v-
alence was by no means evident when first the latter approach 
was suggested to the writer by the work of DeLauer (1953). 
The superiority of the ''variable wall-cooling" method seenm 
now so firmly established that the earlier approach using 
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simultaneous equations has been entirely discarded, al-
though some of its results will be briefly mentioned. 
When applied to our experimental data, the "variable 
wall-cooling" treatment demonstrated that the factor of 
proportionality "h" was essentially well-behaved, in that 
plots of q vs. Tw/Tst were ordinarily found to lie closely 
on a straight line. In fact, this seems now so clearly to 
be the case, that even where considerable scatter from a 
straight line exists, one feels justified in applying the 
method. 
The results obtained by the "variable wall-cooling" 
method do no·t agree with the results based on presently 
known theory. However, they may be related to some frag-
mentary experimental evidence which has been obtained by 
other workers. We found values of h which were many times 
larger than expected, while the values of r, though start-
ing at reasonable levels, rapidly drop~ed to approximately 
one-quarter of the expected values as the rocket acceler-
ated. The general nature of these results was the same 
ror all data which were examined, from all five rockets. 
These results have withstood careful scrutiny. There 
is a possibility that they may indicate flow separation. 
Such an important possibility raises immediate questions 
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regarding the mechanism whereby such separation could be 
produced. Other phenomena, which are as yet unrecognized, 
may be responsible. In any event, much interest should 
attend further studies concerned with checking and inter-
preting the findings of the present work. 
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2. Review of related work. 
2.1. General background. 
In this section we shall discuss briefly the frame-
work of ideas and relationships in which the results of 
the present experiment were expected to fit. 
2.1.1. Heat transfer in a laminar boundary layer. 
~ plates 
Pohlhausen (1921) solved a simplified for.m of the 
energy equation for a laminar boundary layer, neglecting 
the effects of frictional heating therein. He obtained 
the relation 
2.1(1) 
Equation 2.1(1) has been experimentally confirmed even in 
the case where frictional heating does occur (Johnson and 
Rubesin (1948)). Johnson and Rubesin (1948) also define a 
reference temperature at which fluid properties may be 
evaluated, 
T ~ ;:: T 0. 0 3 2- ~ ">;,' -/- tJ, .5/ ({-/o) 2.1( 2) 
The same authors show that if the various fluid properties 
are evaluated at temperature T', eq. 2.1(1) remains closely 
valid for steady-state flow over flat0plates for Mach num-
bers up to about 10. Eckert (1953) suggests using 
2.1(3) 
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which does not vary materially from Eq. 2.1(2) in the range 
below Mach 4. 
Cones 
Johnson and Rubesin ( H~48) , following Hantzche and 
Wendt (1941), give the following expression for cones, which 
corresponds to Eq. 2.1(1) for flat plates: 
2.1( 4) 
When considering flow over bodies other than flat 
plates, account should usually be taken of the effects of 
flow acceleration around the body. In such eases, the 
fluid parameters (density, pressure, temperature) are no·t 
necessarily the same at the edge of the boundary layer as 
they are in the unaccelerated free stream. These variations 
affect the values of the parameters employed in Eq. 2.1(4). 
2.1.2. Heat transfer in a turbulent boundary layer. 
Production £! turbulence 
In recent years there has been a growing tendency to 
reverse the earlier point of view with regard to laminar vs. 
turbulent flow conditions. It now seems more reasonable to 
inquire as to why a flow is laminar, rather than why it is 
turbulent, since the latter appears now to be the more 
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"natural" state. Briefly, it may be said that at a given 
value of Reynolds number, certain types of disturbance may 
damp out, and the flow becomes laminar. Below a Reynolds 
number of about 420, all disturbances will damp out (Schu-
bauer and Skramstad ( 1947)). At higher Reynolds numbers, 
disturbances in certain frequency ranges will tend to be 
amplified, and to produce turbulence. Since the Reynolds 
number increases linearly with increased distance aft of 
the leading edge, one may expect to find the laminar flow· 
forward, if it exists at all, followed by a transition point 
which leads into turbulent flow conditions further downstream. 
~ turbulent boundary lgrer 
From our point of view, perhaps the most essential 
chara cteristic of the turbulent boundary layer is that the 
"scrubbing" action of the whorls and eddies in such a layer 
penetrates deeply into the region of laminar flow near a 
wall. There results a steeper velocity gradient right next 
to the wall, than in the case of a purely laminar layer. 
There always remains (in non-slip flow) a laminar sub-layer. 
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A greater proportion of the ordered kinetic energy of the 
fluid is thus transformed into energy of molecular agitation 
in close proximity to the wall. Steeper temperature gradients, 
and higher rates of heat transfer result. 
The expression used for heat transfer on a flat plate 
having a turbulent boundary layer is (Fischer and Norris 
( 1948)) 
2.1( 5) 
Fischer and Norris (1948) also employ Eq. 2.1(5) in the 
case of turbulent flows on cones. We have done the same 
for stations on the ogival and cylindrical rocket bodies 
for which this practice seemed appropriate. 
2.1.3. Boundary-layer separation (See, for example, 
Kuethe and Schetzer (1950), pp. 231, 317, 320-324.) 
Conditions 12! separation 
If u is the velocity of flow parallel to the wall, 
and y is the distance measured outwardly, normal from the 
wall, the separation point is defined as that location for 
which 
2.1(6) 
Since, in ideal flow on a flat plate, the pressure gradient 
along the plate is zero, one does not anticipate separation 
of flow, for there will be no mo.dification of the velocity 
profile which would lead to the inflection point given by 
Eq. 2.1(6). On the other hand, in cases where an adverse 
pressure gradient (i.e., pressure increasing downstream) 
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exists, condition 2.1(6) may occur. Beyond such a point, 
reversal of flow direction is encountered. 
~ separation produced ~ shook interaction 
As one passes downstream through a shock wave, an 
adverse pressure gradient is felt across the shock. 1-Iow, 
there always exists a region of subsonic flow in any (non-
slipping) boundary layer, so a shock wave which impinges 
upon a boundary layer may induce separation as the subsonid 
layer propagates this adverse pressure gradient in an up-
stream direction. 
TurBulence ~ ~ separation 
An adverse pressure gradient tends to produce tur-
bulence as well as separation. If turbulence is produced 
first, the tendency is for separation to be retarded, since 
the "scrubbing" action of turbulent flows brings high-vel-
ocity fluid nearer to the surface. There, it is better 
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able to withstand the effects of an adverse pressure gra-
dient. Separation of flow tends to be permanent at low 
Reynolds numbers, but at high Reynolds numbers the flow tends 
to rejoin the wall in a turbulent boundary-layer. 
2.1.4. Effects O·f non-isothermal walls. 
In recent years it has become apparent that temperature 
gradients which ,exist along a wall upstream may greatly 
affect the conditions of heat transfer in the fluid. It 
should be emphasized that this phenomenon takes place in 
the fluid itself, and does not relate to effects of heat-
conduction in the wall material. A survey o.f this matter 
has recently appeared (Tribus and Kldn (lg53}}. Of par-
ticular interest to us have been the exact solution given 
by Chapman and Rubesin (1949) and the approximate method 
of Lighthill (1950}. 
Eq. 2.1(1} shows that as one goes upstream toward the 
leading edge, the heat-transfer coefficient assumes higher 
and higher values, becoming theoretically infinite at the 
leading edge. One may consider the heat-transfer problem 
from the Newtonian point of view given by Eq. 1.2.(1}, and 
repeated here: 
2.1(7} 
The local rate of heat transfer (q} is proportional to 
a heat-transfer coefficient (h) and to the thermal po-
tential difference (Taw- Tw). The adiabatic wall tem-
perature is, ~y definition, that wall temperature at which 
no heat transfer occurs ( q=- 0}. Now, physical reality re-
quires that q remain finite, no matter how large h may be. 
If h goes to infinity, then the thermal potential must go to 
1? 
zero. Thus, at a leading edge, one expects to encounter 
conditions which are essentially those or the adiabatic wall. 
But elsewhere the thermal potential is greater than zero 
along an unheated wall, so that the wall temperature drops 
art or the leading edge. When Tw decreases with increasing 
X, the heat-transrer coefficient aft or the leading edge 
is theoretically expected to be larger than would be the 
case if the wall were assumed to be isothermal. But Eq. 
2.1(1) was based on the implicit assumption that the wall 
is isothermal. The work of Chapman and Rubesin (1949), 
Lighthill (1950), and others as mentioned above, provides 
means whereby one may modify the heat-transfer coefficient 
obtained on a~~non-isothermal wall for comparison with the 
predictions of Eq. 2.1(1). 
The approximate method of Ligbthill (1950) is shown 
by him to be very closely equivalent in results to the exact 
method of Chapman and Rubesin ( 1949). The latter metho·d 
suffers from the disadvantage that the temperature profile 
along the wall must be expressed analytically in a power 
series. Complications increase manifold as the number or 
terms in such an expression increases. In contrast, the 
method of Lighthill involves only a straightforward, if 
somewhat lengthy, procedure of numerical integration. As 
employed by DeLauer (1953), the results of Lighthill may be 
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expressed for our 
2.1( 8) 
In applying Eq. 2.1(8), one selects a point X, and lets~ 
vary from 0 to X, evaluating the necessary functions of ~ 
and X to perform the indicated integration. The expression 
may be evaluated for any desired position. 
It should be emphasized that Eq. 2.1(8) applies to 
the case of laminar flow. 
Rubesin (1951) criticizes the use of plug-type heat-
meters (such as ours) on account of the discontinuities in 
surface temperature which they produce, and the resultant 
local changes in q and h. His work was based largely on 
theoretical deductions assuming a turbulent velocitypprofile, 
and no frictional dissipation in the boundary layer. We 
shall see in Section 4.2.3 that Rubesin's predictions se.Em 
not to be of help iri. the present study. 
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2.2. Review of related investigations. 
Many workers have been very active in studying the 
characteristics of the boundary layer, and we have already 
mentioned several in Section 2.1. We have seen defined a 
mean temperature such that when the fluid properties are 
evaluated at that temperature, the theoretical predictions 
for steady-state conditions are rather good over a large range 
of Mach numbers. On the other hand, one finds machine-com-
putation methods being employed by Klunker and McLean (1951) 
in taking continuous account of the variation of fluid prop-
erties throughout the boundary layer. A possibly suggestive 
study has been made by Moore (1951) in connection with the 
rate of adjustment by the boundary-layer to transient dis-
turbances. But our maximum accelerations are much smaller 
than Moore finds necessary for observable effects. There 
appear to be only two available reports of rocket experiments 
which may be at all comparable to the present work. There 
is also one wind-tunnel experiment that is of immediate im-
portance to us, and has al8eady been mentioned. These we 
will consider carefully. Reference will also be made to a 
series of tests made in a lower-speed wind-tunnel, which may 
provide possible explanations for the effects which we observe 
in the present experiment. Kaye, et al (1949) have computed 
the theoretical transient-temperature distribution in the 
case of uniformly accelerated flow, but they assumed predicted 
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values for heat-transfer coefficients and recovery fac-
tors. No theoretical study has been located Which deals 
suitably with the principal questions which we raise in 
the present work. 
2.2.1. Missile experiments. 
The two related rocket experiments for which reports 
are available are those of Fischer and Norris (1948) and 
Sternberg (1952). In both instances, attention was con-
centrated on the nose cone of a V-2 rocket. In each case, 
the surface material of the rocket portions in question 
was used as the heat meter. Special nose cones were con-
structed for this purpose. These heat meters were charac-
terized by uniformity of thermal properties at a given lo-
cation. (One pair of heat meters had contrasting thermal 
properties in the experiment of Fischer and Norris. However, 
one of these was deliberately preceded by a "turbulence 
promoter", significantly modifying the expected flow con-
ditions.) This fact is the most important element of con-
trast with our experiment, in which three heat meters of 
different thermal properties were installed at each rocket 
station. Ranges of Mach number were roughly comparable to 
ours, but Sternberg encountered higher Reynolds numbers. 
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Experiment of Fischer and Norris (19481 
A special stainless-steel section was constructed for 
the nose cone of a V-2 rocket. It was made in two parts 
which were sectioned in a plane through the axis of the cone. 
One side was nominally 1/32" thick, while the opposite side 
was 1/18" thick. Pairs of thennistor beads were imbedded 
in the inner surfaces at points 2 1/2", 6", and 12" from 
the nose tip on the thinner side. A fourth pair was in-
stalled at 12" from the tip on the heavier side. The lat-
ter station was preceded by a transverse ridge which was 
introduced to promote turbulence. The ridge was located 
about 4" from the tip, and was approximately 1/8" high. 
The thermistor-bead pairs were connected to resistance 
bridges which provided output signals suitable for telemetry 
without electronic amplification. The input signal to the 
bridges was ten volta at 10,000 cps. Impedance matching 
was accomplished by means of transformers. Three bridges 
having different temperature ranges were placed at a given 
station in order to expand the limits of accurate measure-
ments. Additional measurements were made on the door of 
the control compartment. All heat-meter surfaces were plated 
and polished to minimize radiation losses. 
A majority of the stations gave useable information. 
Heat-transfer coefficients were obtained by inserting meas-
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ured quantities in Eq. 2.1(7), with additional terms to 
correct for the effects of radiation losses which may have 
occurred. The results were compared with the theoretical 
values given by Eq. 2.1(4) and Eq. 2.1(5), much as we have 
done in Section 4.1.3, and with comparable results. Fluid 
parameters were evaluated at temperature T' given by Eq. 
2.1(2). The authors considered the results of this experiment 
as having supported the theory and experiment as outlined in 
Section 2.1. 
Experiment of Sternberg (1952) 
This study was made by the Ballistics Research Lab-
oratory, Aberdeen Proving Ground, using a special conical 
nose-cone on a V-2 rocket. This BRL missile was noteworthy 
for its flight program, which was radically modified from 
the usual high-altitude missile. Instead of traveling in 
a direction which was essentially vertical, the BRL rocket 
was made to veer sharply toward the horizontal, levelling 
off in approximately horizontal flight at about 25,000 ft. 
altitude. By remaining at relatively low altitudes, the 
intensity of frictional heating in the boundary layer was 
enhanced. 
The purpose of the experiment was to test the theory 
of boundary-layer stability as proposed by Lees (194?). The 
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theory predicts that high rates of heat-transfer in the 
boundary layer will have a stabilizing effect, damping out 
disturbances which would otherwise produce turbulence. 
The temperature measurements were made on the inner 
surface of a stainless-steel nose of thickness 0.18". "Balco" 
wire resistance thermometers were installed at selected lo-
cations, and were connected to form one arm of resistance 
bridges. Usually, three bridges having different sensi-
tivity were employed at each station in order to enlarge 
the measureable temperature range. The bridges were of 
very low impedance, and the power input was :~.large enough to 
produce measureable heating of the rocket skin. The thick-
ness of the special nose skin, and therefore its thermal 
character, was essentially uniform. In addition to meas-
uring skin temperatures, Sternberg obtained pressure values 
in the boundary layer. He was able to estimate velocity 
profiles, and judge whether the flow was laminar or tur-
bulent independently of the heat-transfer measurements. 
· Reasonably reliable estimates were obtained for lam-
inar, transition, and turbulent flow conditions. It was 
concluded that the boundary layer on the rocket nose was 
laminar at an equivalent Reynolds number of 5x107, which 
was the highest value obtained on the cone. 
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2.2.2. Wind-tunnel experiments. 
Wind-tuD.J.J.el tests are notably different from rocket 
experiments in at least three respects. Wind-tunnel ex-
periments (1) are usually p•rformed with small scale models, 
(2) encounter significant wall-effects, and (3) are nor-
mally conducted in the steadiest possible states. Scale 
effects may often be ~stimated, but the other effects may 
be more difficult to ·evaluate when comparisons are made 
with free-flight results. Nevertheless, we shall find at 
least two wind-tunnel experiments which have direct interest 
in connection with our free-flight results. 
E;periment of DeLauer ( 1953) 
The results of DeLauer's work have key significance in 
the development of our findings. His measurements were made 
on a wall whose rate of cooling was changed from time to 
time, while other factors were held constant. With given 
conditions of flow in the boundary layer, a cooler wall 
wo~d experience a greater rate of heat influx from the 
boundary layer. DeLauer was thus able to apply the "var-
iable wall-cooling" method which we have described in Sec-
tion 1.2.2. He was able to compute corresponding values of 
heat-transfer coefficient and recovery factor, and found 
each to be independent of wall temperature. His results 
permitted identification of conditions for laminar and 
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transition flows, and detected flow separation by high val-
ues of h. His results for r were in support of Eq. 1. 2( 3). 
Furthermore, he was able to show that application of the 
method of Lighthill (1950) resulted in adjustment of meas-
urements of h made on non-isothermal walls to ranges which 
are predicted by isothermal-wall theory. 
The experiment was conducted in Leg No. 1 of the 
GALCIT 5" x 5" Hypersonic Wind Tunnel. The rate of heat-
transfer through the boundary layer to a flat plate surface 
was measured at a nominal Mach number of 5.8. Surface tem-
peratures were measured by copper-constantan thermocouples 
which were imbedded in the wall at a distance of 0.10" from 
the outer aerodynamic surfac-e. Heat flow rates were meas-
ured by a laminated-bakelite heat meter. The center oneof 
three thin sheets of bakelite contained a series of silver-
constantan thermopiles whose hot junctions were oriented 
toward the aerodynamically heated surface. The cold junc-
tions were on the side next to the water cooling-jacket. 
The heat meter was calibrated using a known source, so that 
values of voltage drop between hot and cold junctions could 
provide directly the corresponding rates of heat flow. Tests 
were made at various stasnation temperatures and pressures, 
always under steady-state conditions. 
A flat-plate recovery-factor was obtained whose value 
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was 0.858± 0.004. It was found to be independent of Reynolds 
number up to the region of flow transition, and independent 
of Mach number at least up to Mach 5.8. (These results are 
in contrast to the theoretical results of Klunker and McLean 
(1951), who predict a steady decrease in recovery factor to 
about 0.768 at Mach 5.0.) 
The heat-transfer coefficients 1N.nich were obtained were 
higher than those predicted for an isothermal wall. But, when 
corrections were made according to the theoretical method of 
Lighthill (1950), the experimental values were reduced to 
predicted ranges. These results also agreed well with those 
of a related skin-friction experiment. An unexpected rise 
in heat-transfer coefficient at far downstream stations was 
sho¥m by Schlieren photographs to have been due to flow sep-
aration on the model. 
Experiment 2! Eckert~ Weise (1942). 
This experiment has been mentioned in several reviews, 
among them being those by Johnson and Rubesin (1948), and 
Eckert (1953 and l953a). It is of particular interest to 
us in that one there finds recovery factors dropping sharply 
in the region of separated flow on a circular cylinder. This 
result bears directly on the mechanism which is tentatively 
suggested as a possible cause for the low values of recovery 
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factor which we obtain. 
Measurements of temperature recovery-factor were made . 
around the circumference or an insulating cylinder of cir-
cular cross-section. Mach numbers ranged from 0.5 to 0.882, 
and the flow was in a direction normal to the axis of the 
cylinder. Values of recovery factor varied from 1.0 at the 
center stagnation point (0°) to less than 0.2 at 1800, when 
computed on the basis of wall and free stream conditions. 
However, when based on conditions at the wall and at the 
edge of the boundary layer, recovery factors remained near 
0.84 until separation occurred at about 800. The low values 
of r which appeared beyond the separation point appeared to 
be characteristic of separation itself. 
It should be noted that these measurements have never 
been satisfactorily explained, and their is still doubt as 
to their significance. 
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3. Experimental method and measurements. 
The purpose of the introductory material in Sections 
1 and 2 has been to place the present experiment in proper 
context. To accomplish this, we have had to anticipate the 
discussions of Sections 3 and 4. One may hope that the 
amount of r .epetition which this necessitates will not be 
objectionable, but may actually enhance the overall effec-
tiveness of this report. This should also be of service to 
the reader who examines only isolated portions herein. 
We shall pass rather lightly over most of the details 
O·f instrumentation which are included in the reports by Low 
(1952, 1954), since we are mainly concerned with the data 
analysis. However, the key features of the heat meters will 
be rather closely examined, since they bear so significantly 
upon the experimental results. 
3.1. Heat meters. 
3.1.1. Introduction. 
In view of the unusual nature of our findings, one must 
ask whether some feature of the experiment could produce sys-
tematic errors which could falsely introduce such effects. 
The heat meters are immediately suspect in this regard, for 
in them lie both the strength and weakness which are the 
turning points in the present experiment, and others like it. 
The question to be answered is whether the disadvantages of 
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the plug-type heat meter are outweighed by the oppor-
tunity they provide for use of the "variable wall-cooling" 
method of data analysis. 
3.1.2. Construction and installation of heat meters. 
The mechanical construction of the heat meters used 
in the present experiment is detailed in the assembly drawing 
of Fig. 3.1-1. Referring to that figure, one sees the stain-
less-steel diaphragm (~i, which is the heart of the meter. 
It is mounted on a brass cylinder which has a conical rim 
( 4). The spanner nut ( 3) holds a lip of rocket . skin ma-
terial between it and the main cylinder, causing the steel 
diaphregm to, be positioned with its outer surface flush with 
the surrounding rocket skin. The smoothness of the joint 
between the rocket skin and the heat meter appeared to be 
satisfactory on the flat, thin-skinned, fins of the V-2 
rockets. The fit was less perfectly flush on the thicker-
skinned surfaces of the Aerobees, which have rather small 
radii of curvature. (The outer surface of the heat meter 
is planar.) An illustration of the worst case is given in 
the photographs of Fig. 3.1-2. 
We shall take the central area of each steel diaphragm 
to be defined by a concentric circ:fue with a ratlius of 11/32". 
The central area of each diaphragm was occup~ed by a pair 
of wire resistance thermometers which were cemented to the 
inner steel surface. Very thin layers of Sauereisen ce-
ment were used to hold approximately six inches of 0.002" 
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diameter nickel wire covering the central area. In the case 
of the meters designated as "a" units, the steel diaphragm 
had a uniform thickness of 0.004" over its entire area. The 
"b" units were of thickness 0.004" except for the central 
area on the inner surface, which extended to a total thick-
ness of 0.060". The "c" meters were likewise of thickness 
0.004", except for the central area of radius 11/32", where 
it was machined to a thickness of 0.125". The equivalent 
amount of additional steel thickness which was contributed 
by the cement and wire was estimated at 0.00125" in all 
cases. 
The common junction between the two resistance ther-
memeters on each diaphragm was electrically grounded to the 
brass cylinder. The other two leads were fed out through 
insulating sleeves in the rear cap of the assembly. A 
very thin disk of mica was laid rather loosely over the 
inner surface adjacent to the electrical connections. Thin, 
bright aluminum foil shields were installed by force-fitting 
their narrow circular mounting rings into the cylindrical 
portion of the brass cylinder ((4) of Fig. 3.1-1). 
In one meter of each cluster of three, a wire resis-
tance thermometer was also installed on the inner surface of 
the brass cylinder, at the base of the conical lip. The pur-
pose of this thermometer was to measure the temperature at 
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the periphery of the steel diaphragm (TR). The single 
measurement at each rocket station was taken as represen-
tative of the rim temperatures of all three meters at 
that station. Limitations in the number of commutator con-
tacts which were available, prevented the taking of more 
extensive readings of rim temperatures. 
3.1.3. Measurement of Tw• 
We have stated that the temperature measurements were 
made on the inner, central surfaces of thin steel diaphragms. 
But the temperatures which were really desired were those 
at the outer surfaces. Let us now inquire more carefully 
into these circumstances. 
Several considerations suggested the placement of the 
resistance thermometers on the inner surfaces in preference 
to the outer surfaces. It is desirable, for example, to pre-
sent to the boundary layer a well-defined, smooth, surface 
having accurately-known thermal properties. We wish not to 
introduce a cement-steel interface of uncertain heat-trans-
fer characteristics at the outer surface. But, one may ask, 
is not that interfa ce just as uncertain when it is mounted 
on the inner surface? Such is not the case, for at the in-
ner surface, the only heat vmich passes through that interface 
is that which heats the cement and wire, assuming no losses. 
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In contrast, an exterior interface must transmit all the 
heat necessary to raise the much larger thermal mass of 
the steel diaphragm. A correspondingly larger drop in 
temperature would occur across the 1:hnt-:m.ounted interface. 
In addition, considerations of mechanical strength and 
electrical stability suggest that the more protected in-
terior position is to be preferred. 
But, given a temperature-time relationship which may 
be obtained at the inner surface of the heat meter, can 
one determine with reasonable accuracy the corresponding 
curve at the outer surface? To answer this question, we 
refer to the theoretical computation of time delays in the 
heat meters, as given in the reports by Low {1952, 1954). 
The meaning of the term "time delay" may be clarified by 
considering a slab of heat-conductor having a finite thick-
ness Ll x. Let a linearly rising temperature be applied at 
the front face of the slab. Assuming one-dimensional heat 
flow, one may compute the temperature-tL~e profile which 
would occur at the rear surface of the slab. The "time 
delay", as here used, may be defined as the time interval 
betwe,en the occurrence of a given temperature at the front 
surface, and the. appearance of that same value of tempera-
ture at the rear surface. The Low reports give a theoretical 
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derivation of time delay originated by M. A. Lissman. A 
differential method is used, assuming the inner surfa ce to 
be insulated. The time delays computed for stainless-
steel slabs of various thickness are as follows ( k = 9. 42) : 
Heat meter 
a 
b 
c 
.tlx 
0.00525" 
0.06125" 
0.12625 
Time delay, see. 
0.002125 
0.289? 
1.23 
There is included in these values a correction of 0.00125" 
additional steel to account for the effects of the cement. 
Since the publication of the Low reports, another, more 
satisfactory, solution of the problem has been found. An-
thony (1951) gives the results of applying the Laplace 
transform to the same sort of problem, and his charts may 
be used to compute time delays as defined above. If this 
is done, one obtains the same values as given in the above 
table. 
Let us see how this information may be used to 
evaluate the measurements of Tw when ta.1<:en :i::n the inner 
surface of a heat meter. Some samples of experimental 
measurements of temperature are given in Fig. 3.1-3. One 
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there notes a maximum slope for the "a" meters of about 150F/sec; 
this would produce a temperature error due to time delay of 
-0. 032°F. Similar estim.ates for the "b" and "c" heat meters 
give maximum errors of approximately -2or and -6°F, res-
pectively. As will be pointed out in Section 5, correction 
for these errors in temperature will actually tend to accen-
tuate the unexpected final results presented in this report. 
One concludes that the errors made by assuming the 
measured values of temperature to apply at the outer sur-
face of the heat meter are relatively small. Moreover, 
they are of such a nature that even if they were considerably 
larger, they could not have produced the observed resll. ts. 
Figures 3.1-5 through -8 show representative, unad-
justed, temperature results which were obtained on V-2 #31, 
at Station 5. (The locations of stations on the missile 
are shown in Fig. 3.2-1.) The curves of Fig. 3.1-3 are 
slightly-smoothed average values of high and low resistance-
thermometer readings like those of Figs. 3.1-5 through -8. 
The insets in the latter figures include the voltage values 
as transcribed directly from the telemetered record, together 
'INi th the correlation charts which were constructed for rapid 
translation from voltages to temperatures. The temperatures 
which are reported independently for each of the dual ther-
mometers are seen to agree reasonably well, a fact which 
lends support to their accuracy \rlthin the limits of that 
agreement. 
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3.1.4. Computation of q. 
Let us now proceed to inquire how the experimental 
values of Tw may be employed to provide measures of heat-
flow rates into the heat meters. 
Assuming a flow of heat only in one direction, nor-
mal to the surface of the heat meter, one may use an ele-
mentary relationship to compute q, if Tw may be assumed to 
be the instantaneous average temperature throughout the 
heat meter, 
3.1(1) 
where C is the thermal capacity of the central area (A) of 
the heat meter. As will be shown in Section 4.2.4, the use 
of Eq. 3.1(1) gives results which are qualitatively the 
same as thos using more sophisticated expressions. These 
latter are derived in the reports by Low (1952, 1954), in 
attempting to correct for the radial flow of heat in the 
stainless-steel diaphragms. They are as follows: 
"a" units: 
3.1( 2) 
"b" and "c" units: 
3.1( 3} 
Values of TR which correspond to Fig. 3.1-3 are given in 
Fig. 3.1-4. Eqs. 3.1(2) and (3) were employed in all cases 
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except where q' is specified. Sample results for q are 
given in Fig. 3.1-9. It will be noted in Section 4.2.4 that 
the peculiar nature of our conclusions is not sensitively 
dependent upon the accuracy of the q-measures and corrections. 
One concludes that the methods used for computing q 
from the heat-meter temperatures do not contain inherent 
errors which could produce the unusual observations found 
in Section 4. 2. 
3.1.5. Effects due to non-uniform Tw. 
The effects which ~~11 be considered in this section 
are no doubt the most serious weakness of the plug-type 
heat meter. They were introduced in Section 2.1.4, and we 
shall meet them again in Section 4.2.3. They are included 
here for the sake of completing the critique on heat meters. 
It has been mentioned {Section 2.~.4.) that DeLauer 
(1953) successfully corrected for the effects of non-uniform 
wall temperatures. The references cited in Section 2.1.4, 
as well a.s the later work of Rubesin (1951) point out that 
the local rate of heat-transfer is not solely a function of 
the local value of thermal potential (Taw- Tw)• Instead, 
q depends also in a complex way upon the surface tempe:;ratures 
upstream. If q is thus affected, the corresponding h must 
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likewise be modified. Chapman and Rubesin (1949) observe 
that if an isalated point on a surface were to be held, by 
some mechanism, exactly at temperature Taw' q could never-
theless take on a variety of non-zero values as a result of 
changes which could be imposed on the temperature distri-
butions along the upstream surface. At such a point, h 
would have to be simultaneously infinitely large negatively 
and positively. Their theory produces just such a result. 
A key fact in all this discussion of effects due to 
non-unifor.m wall temperatures is that none of the references 
cited suggest that there will result any effect whatever on 
the value of recovery factor. Careful consideration has dis-
closed no reason for questioning the suitability of employ-
ing Taw in the definition of has in Eq. 1.2(1), nor of the 
definition of Taw in terms of recovery factor as in Eq. 1.2(2). 
That is to say, computation of r by the "variable wall-cool-
ing" method should not be affected by the complications in 
q and h. 
As to the predicted corrections for h, they are of the 
order of 50% or less (Section 4.2.3). In contrast, we shall 
see that the observations are out by factors of 10, 20, or 
more. Moreover, the predicted corrections sometimes are in 
the direction opposite to that required for closer agreement. 
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3.2. Rocket installations. 
We shall illustrate the general nature of the rocket 
installations by using two representative cases, V-2 #31 
(Blossom IVD), and Aerobee 1. (The author participated 
fully in, and was responsible for, all phases of the in-
strumentation.) 
A few general remarks may be of interest. In none of 
the rockets was this experiment the primary one. At least 
one, end sometimes many, other experiments rode on the same 
vehicle, with higher priority. Our experimental equipment 
consisted in general of the following components: 
A series of heat meters, usually twenty-four in all, 
were located along the rocket skin in "clusters" of three 
meters each. Each heat meter had its resistance thermometers 
connected electrically, by shielded wires, to a commutator 
which switched each individual reststance thermometer in 
turn into a resistance bridge. The small input voltage to 
the bridge was supplied by a specially designed electronic 
oscillator which operated in the range 1000-1250 cps. The 
voltage output from the bridge was amplified in a specially 
designed electronic amplifier. The resulting AC voltage was 
rectified, filtered, and adjusted as to scale and impedance 
so as to be suitable for reporting by such telemetry or re-
cording devices as were variously supplied by other agencies. 
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The location of heat meters in the skin of the V-2's 
is illustrated in Fig. 3.2-1, showing four clusters in the 
nose and midbody, and four in one fin. The top photograph 
of Fig. 3.2-2 shows the central station, which contained the 
electronic circuitry, one commutator, the power supply, and 
control circuits. This container was installed in the for-
ward nose section. Also seen in Fig. 3.2-2 are the fin sen-
sing units, or heat meters, and the associated commutator 'Mlich 
was installed in the same fin. 
The distribution of heat meters in the Aerobees is 
illustrated in the drawing of Fig. 3.2-3. We have already 
seen a photograph of a portion of this installation in Fig. 
3.1-2. The central station was located in the forward nose 
portion of the Aerobee. 
3.3. Rocket flight parameters. 
Included in this section are data concerning missile 
altitudes and velocities, and the various properties of air 
which are necessary in making the later computations. 
Altitudes 
The trajectories are plots of missile altitude above 
sea level, versus time after launching. They are shown in 
Fig. 3.3-1 for the three V-2 rockets concerned, and in Fig. 
3.3-2 for the two Aerobees. Note the similarity of the 
three V-2 trajectories, and of the two Aerobees. The source 
of e.l ti tude data for V-2 #47 was Askania Stations N &. P; for 
V-2 #31, Askania Stations C,T,P, and G. All askania data 
were supplied by the Physical Science Laboratory, New Mexico 
College of Agriculture and Mechanic Arts, Las Cruces, New 
Mexico. Trajectory data for V-2 #51 were obtained directly 
from Air Force Cambridge Research Center. The source of 
data for the Aerobee rockets was also the Air Force Cam-
bridge Research Center. It was derived from their beacon 
triangulation experiments. 
Velocities 
Velocities are shown in Figs. 3.3-3 and 3.3-4 for the 
V-2's and Aerobees, respectively. Their reasonable unifor-
mity permits consideration of representative samples of data. 
The source of data for V-2 #47 and V-2 #31 was the correspon-
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ding Askania stations mentioned above. The remaining ve-
locities were graphically computed in the B.U. Upper At-
mosphere Research Laboratory, using the trajectories iden-
tified above. 
Mach number 
The variation of Mach number with time after launching 
is ~resented for the five missiles in Figs. 3.3-5 and 3.3-6. 
These curves were plotted from the ratio of missile velocity 
to velocity of sound in the ambient air at altitude. The 
latter is shown in Fig. 3.3-8. 
~ properties 
The ambient temperature of air as it varies with al-
titude was taken from the report by the Rocket Panel (1952). 
It is shown in Fig. 3.3-7. The corresponding velocity of 
sound, in feet per second, was computed using the relation 
These results are shown in Fig. 3.3-8. 
The variation of ambient pressure with altitbde was 
also taken from the Rocket Panel (1952) report. It appears 
in Fig. 3.3-9. 
The variation of coefficient of viscosity of air with 
temperature is shown in Fig. 3.3-10, taken from Tribus and 
Boelter (1942). The corresponding Prandt1 nmnber dependency 
is also included in that illustration. 
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The thermal capacity of air varies with temperature as 
is shown in Fig. 3.3-11, based on Tribus and Boelter (1942). 
3.4. Evaluation. 
Consideration of factors known to be pertinent has 
thus far supported the validity of the experimental method 
and measurements. Sizeable errors exist, it is true. But 
it is very difficult to find a combination of such errors 
~~ich could possibly have isolated effects of the order we 
observe, let alone producing the extensive resultw which 
are obtained. 
Information which is available concerning the rocket 
ballisti.cs seems to be complete enough to permit the heat-
transfer data to be set in a reasonably firm frame. It is 
fortunate that the three V-2's which gave the more complete 
heat-transfer data also exhibited closely similar flight 
histories. The same was true for the two Aerobees. Thus, 
the several replications of the experiment, which used for 
the most part different individual pieces of apparatus, and 
occurred over a period of some sixteen months, produced 
results which were closely related. These circumstances re-
inforce the significance of the experimental findings. 
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4. Analysis of the experimental data. 
An outline has been given in Section 1.2.2 of the 
methods employed in the analysis of the data. In the 
present section we shall provide some additional details, 
together with sample results. 
4.1. The "standard" method. 
The "standard" method was applied only to the data 
for the V-2 fins. 
4.1.1. Heat-transfer coefficients. 
The "standard" method whereby experimental values of 
h were obtained is summarized in the diagram of Fig. 4.1-1. 
Some representative results (assuming laminar flow) appear 
in the curves labelled (2) in Figs. 4.1-2 through -5. In 
these same figures, the curves labelled ( .3) represent the 
theoretical expression of Eq. 2.1(1) for a laminar boundary 
layer for stations 5-8 on the fin, and Eq. 2.1(4) for sta-
tions 2 and 4 on the ogive and body. In the latter case, 
account was taken of the effects which were due to acceler-
ation of the boundary-layer flow over the missile body. 
Laminar flow conditions were assumed. 
Notice the inequalities among the three values of h 
at a given station and time. Observe that the values for 
the "a" w1its are generally lower than the corresponding 
values for the heavier units. Those for the "c" units 
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tend to be largest. 
A word of explanation is in order concerning the 
limits placed on flight times considered in t his work. The 
missiles were launched from ground level at time ~ero; they 
reached their maximum altitudes after periods of the order 
of three minutes. But we normally limit ourselves to the 
period of flight from 30 to 65 seconds for the V-2's, and 
from 15 to 55 seconds for the Aerobees. The lower time-
limit is placed where the size of the thermal potential 
(Taw- 'I'w) is of the same order as the errors in measuring 
Tw• The upper time-limit is placed where the size of cur-
vature of the temperature..,time distributions becomes too 
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great to allow their being reasonably approximated by a straight 
line. The exact choice of limits was also guided by consid-
erations of convenience and uniformity. 
4.1.2. Correlations. 
It is customary and useful to present heat-transfer 
results in the form of dimensionless correlations. On 
dividing Eqs. 2.1(1) and 2.1(4) by the product of the Rey-
nolds number and Prandtl number, one obtains the relation 
5 1- x )1.2-(3 = ~- ~ - Yz_ 4.1(1) 
Where 
and 
b ~ 0.332 for flat plates 
b = 0.5?5 for cones. 
After taking the logarithm of both sides of Eq. 4.1(1), one 
sees that the theoretical relation for laminar flow can be 
plotted as a straight line on log-log paper. 
A similar treatment transforms Eq. 2.1(4), for the 
turbulent case, into the expression 
J-6 -~ Jr ,. /?. =- o. o :l- .r fe J = 4.1( 2) 
which will also be linear on a log-log plot. 
These theoretical results are shown as the solid 
straight lines in the representative constructions of Figs. 
4.1-6 through -9. 
The points plotted in Figs. 4.1-6 through -9 were 
obtained using the values of h which were experimentally 
determined as described in Section 4.1.1 above. Laminar val-
ues of recovery factor were assumed (Eq. 1.2(3)) in all cases. 
Several points at high Reynolds numbers, where turbulence may 
be expected, were also re-computed assuming turbulent recov-
ery factors. The corresponding positions which such points 
would assume in the latter cases are located by the termini 
of the downward-pointing arrows originating at those points 
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in Figs. 4.1-6 through -9. 
4.1.3. Evaluation. 
One observes that the experimental :points are for the 
most part contained within the region which is delineated 
by the theoretical laminar and turbulent lines, even though 
no corrections have been applied to account for effects 
due to non-isothermal surfaces (see Section 4.2.3). Flow 
transition from turbulent to laminar conditions seems to 
be indicated in the trends of experimental points in Fig. 
4.1-9. Laminar conditions are apparently established at 
Reynolds nunbers from 0.5x10 6 to 3x106• It is not clear 
why the corresponding curves of Fig. 4.1-8 fail to show a 
similar indication of flow transition. Since the results 
of Section 4.2 will be seen to bring the existence of a 
normal boundary layer into question under conditions of our 
tests, it is not clear what may be the true significance of 
flow transitions which do c;seem to be indicated. 
Att·ention may be called to the fact that if single 
heat meters had been placed at each rocket station, the 
results which would have appeared in presentations such as 
Figs. 4.1-6 through -9 would have led to the conclusion 
that existing theory and experiment were supported. A 
similar conclusion was reached in the experiment of Fischer 
and Norris (1948). 
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However, we were faced with the unique requirement of 
finding an explanation for three grossly different values 
of h for the same instant of time and the same location on 
the rocket. The work of obtaining the correlations of Figs. 
4.1-6 through -9 left us with a more or less intuitive feel-
in that something further lay hidden in the large mass of 
data. Internal consistencies in the data belied the exis-
tence of random errors which could produce the large dif-
ferences in values of h, although systematic errors could 
still be present. Nor were we able to explain these dif-
ferences on the basis of temperature discontinuities which 
the plug-type heat meters produce (see Section 4.2.3). As 
a result, we applied the "variable wall-cooling" method. 
4. 2. The "variable wall-cooling" method. 
4.2.1. Heat-transfer coefficients. 
In Section 1.2.2 we introduced the "variable wall-
cooling" approach by looking into the consequences which 
follow the demand that h shall be independent of local wall 
temperatures, under constant flow conditions. Thus, Eq. 
1.2(1) may be rewritten as 
4.2(1) 
Eq. 4.2(1) shows that the slope of q vs. Tw/Tst for a given 
value of Taw (and Tst) should be constant, and equal to 
-hT8 t. Thus, 
4. 2( 2) 
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where b is the slope of the straight-line plot of q vs. 
Tw/ Tst· 
It is a straight-forward matter to compute and plot 
experimental values of q and Tw/Tst• We already have the 
values of q and Tw from Section 3.1. It remains only to 
obtain Tst from Eq. 1.2(4). This has been done for all the 
data from the three V-2's and the two Aerobees. Represen-
tative plots of q vs. Tw/Tst are shown in Figs. 4.2-1 and 
4.2-2, in which corresponding points (i.e., points at a 
given time and having the same Re, M, etc.) for the three 
heat meters in each cluster define straight lines. To be 
sure, three points are not as many as we would like; but 
the use of this method was not foreseen during the period 
when measurements were being made. The values of h which 
result from using Eq. 4.2(2) with such plots are illustrated 
by the solid triangular points of Figs. 4.1-2 through -5. 
The curves labeled (1) in these figures resulted from 
the use of an earlier cumbersome approach. It was equi-
valent to employing Eq. 4.2(2) individually for each of the 
three straight lines which could be drawn connecting the 
three pairs of points at each time in Figs. 4.2-1 and 4.2-2. 
Notice the sensitivity of h to changes in str~ight-line 
slopes which these values indicate. This sensitivity 
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is to be expected, from a geometrical point of view, since 
the slope (b) rapidly goes to infinity as the straight line 
becomes more nearly perpendicular to the abscissa. 
4.2.2. Temperature recovery-factors. 
One may rewrite Eq. 1.2(2} in the f'orm 
r= 4. 2( 3} 
Dividing the numerator and denominator of Eq. 4.2(3) by 
T0 , one obtains 
r= 
4. 2( 4} 
But, (Shapiro (1953), p. 212) 
4. 2( 5) 
Also, (Kuethe and Schetzer (1950), p. 133) 
4. 2( 6} 
Using Eqs. 4.2(5) and 4.2(6), Eq. 4.2(4} may be expressed as 
4. 2( 7) 
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Eq. 4.2(?) depends only on the free-stream Mach 
number (M0 ) and the ratio Taw/Tst• The straight lines 
obtained in Section 4.2.1 may be extrapolated tb their 
q -=0 intercept, thus giving Taw/Tst' by definition. Eq. 
4.2(?) may then be solved, giving values of r for various 
values of M0 • DeLauer (1953) employed a similar construc-
tion in his steady-s·tate experiment with good success. We 
refer to Sections 3.1.5 and 4.2.3 for additional comments 
on the justification of such extrapolations. 
Results which are obtained by applying Eq. 4.2(?) to 
the constructions of Section 4.2.1 are shown in Figs. 4.2-3 
through -8. It will there be seen that the values of re-
covery factor lie at early times in the expected region 
near 0.85 or 0.90, but decrease rapidly to very low values 
as the rocket accelerates. The curves identified as "sim-
ultaneous equation solutions" were determined from the 
earlier more awkward method, as described at the end of 
Section 4.2.1. 
This observed decrease of recovery factor is, to say 
the least, unexpected. One notes from Figs. 4.2-1 and -2 
that the values of Taw/Tst (and thus r) at a given time and 
rocket station are relatively much less sensitive to changes 
in the slopes of the q vs. Tw/Tst lines, than are the cor-
responding values of h. In fact, while h goes rapidly to 
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infinity as the slope steepens, r changes at the same time 
only by a few percent. For this reason, considerably more 
weight may be attached to the numerical values of the re-
covery factors than to the numerical values of the correspon-
ding heat-transfer coefficients. 
4.2.3. Non-isothermal surface effects. 
The basis for corrections of observed heat-transfer 
coefficients according to the method of Lighthill ( 1950) has 
been discussed in Section 2.1.~. (See also Section 3.1.5.) 
In the present section, we shall provide an illustrative 
application ' of Eq. 2.1(8). We shall also discuss briefly 
the consequences of applying the theoretical corrections of 
Rubesin (1951) to our plug-type heat meter. 
Restricting ounselves to the flat-plate approximation 
provided by the V-2 fins, we may plot the temperature var-
iations in the direction of fl~w (x-direction), as reported 
by the heat meters. Such plots appear in Figs. 4.2-9 and 
-10, in which satisfactory internal consistency gives ev-
idence of the absence of large random temperature errors. 
Unfortunately, we cannot be sure which of the sets of hat 
meters, "a", "b", or "c", most closely approximates the 
average temperature profiles in the rocket skin itself. 
For our example, let us arbitrarily select V-2 #47. 
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Recalling that the temperature of the leading edge should 
approximate the adiabatic wall temperature, let us select 
those temperature profiles which seem best to satisfy this 
criterion. It has been pointed out in Sections 3.1.5 and 
4.2.2 that no errors should appear in the experimental val-
ues of recovery factor due to non-isothermal wall conditions. 
We therefore employ the experimental values of r shown in 
Fig. 4.2-3, to determine Taw from Eq. 1.2(~). The resulting 
values we label Ta~ , and find that they seem to fit best 
with the curves for the "c" meters in Fig. 4.2-9. Selec-
ting the 45-second "c" curve for examination, and applying 
Eq. 2.1(8), we first construct the curve of Fig. 4.2-11. 
Performing the indicated integration numerically, one obtains 
as a result the correction factors given in the curve of Fig. 
4.2-12. One forms the reciprocal of the correction factor 
and multiplies the values of h obtained experimentally, to 
find the values of h corrected for non-isothermal surface 
effects. Thus, Fig. 4.2-12 tells us that the 45-second value 
of h should be reduced to 1/1.22 of the observed value at 
station 6. Other corrections are computed in a similar way, 
as in Table 4.2(1) on the following page. 
The ratio of corrected h to theoretical h is llstidd 
in the "ratio" column of Table 4.2(1). One sees that the 
corrected h is still 25 to 59 times too large.* Note that 
*Similar ratios are found in comparisons with data of Van 
Driest (1952). 
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Table 4. 2( 1) 
Heat-transfer correction for non-isothermal 
wall effects. 
V-2 No. 4? fin data, 45 seconds after 
firing. 
Rocket h (£) Correction Corrected Theor. 
Station (Fig. 4.1-2) Factor h Lam. h Ratio 
4. oxlo-2 3.??xlo-2 17 6 1.22 1.3xlo-v 29 
? 2.0xl0-2 0.88 2. 28xlo- 2 9.2xlo-4 25 
., 
3.88xlo-2 6.5xl0-4 8 4.5x10-._, 1.16 59 
the theory on which these corrections are based assumes lam-
inar flow only. If the plots of Fig. 4.1-6 are indicative of 
flow conditions, at least station 6 could well be laminar at 
45 secdmds. 
It seems reasonable to conclude, from t his example, and 
the similarity of. other wall-temperature variations, that the 
corrections for non-isothermal wall effects are very much 
too small to account for the observed high values of h. In-
deed, one even finds corrections which are in the direction 
opposite to that needed to achieve agreement with theory, as 
at Station ? in the example given. One may contrast this 
with the successful corrections made by DeLauer (1953), using 
similar methods. 
The work of Rubesin (1951) was introduced in Section 
2.1.4, where it was pointed out that he assumed turbulent 
boundary-layer conditions, and no frictional dissipation. 
The former is no doubt occasionally true, if the flow is not 
separated; the latter condition, however, is most definitely 
not the case in the present experiment. Rubesin predicts 
strong dependency of experimental results for h on the values 
of Tw at the heat-meter surfaces. But we have seen in Sec-
tion 4.2.1 that the relation between q and Tw tends defin-
itely to be linear, with the immediate consequence that h 
must be independent of Tw for a given position and time*. 
Furthermore, application of Rubesin's Eq. (39) to our in-
dividual heat meters tends to reduce the "standard" values 
computed for h from the data for the "a" units much more rad-
ically than for the corresponding values obtained for the "b" 
and "o" meters. This would accentuate the spread of h-values 
already observed for the heat meters when treated singly, ren-
dering the "standard" solution still less acceptable. If one 
considers the effects on q as used in the "variable wall-cool-
ing" method, one finds the q-values for the "a" units being 
*section 4.2.1 places the requirement that h be independent 
of Tw, with the result that q vs. Tw must be linear. However, 
if linearity is observed between q •nd Tw, one may consider 
h being independent of Tw as a consequence thereof. 
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reduced heavily, in comparison with those for the "b" and 
"c" meters, and the slopes of the corresponding straight 
lines will increase. Higher values of h and lower values 
of r will result~ 
One seems forced to conclude that the corrections for 
heat-met·er discontinuities in temperature are not appropriate 
in attempting to bring about better agreement of our results 
with those of other workers. 
The fact that we have thus far been anable to find 
satisfactory corrections in our values of heat-transfer 
coefficient has led us to make no such corrections at all in 
the data presented here. 
4.2.4. Evaluation. 
5() 
Two principal conclusions are reached on the basis of 
our findings thus far. One is that the high values of h which 
are obtained experimentally cannot be reduced to agreement 
with theory by employing correction techniques which are known 
to the writer. The other is that the observed drop in recov-
ery factors is not modified in the expected direction by cor-
rections which may be essayed for h; as far as is now recog-
nized, the behavior of the recovery factor must be explained 
on other grounds. One notes in passing that there is no ap-
parent dependency of ron X in the curves of Figs. 4.2-3 
through -8. 
We cannot let these results for h and r stand without 
trying once again to explain them on the basis of some sys-
tematic error. Since our results depend on the values of q 
for each heat meter, could it be that the corrections for 
radial heat-flow in the meters might produce such spurious 
res~ts? We have thus far used Eqs. 3.1(2) and (3) to give 
q. Let us :bry using simply q' from Eq. 3.1(1), as in Fig. 
4.2-13. Compared with the plot using q (Fig. 4.2-2), the 
points scatter rather widely from any straight line. How-
ever, one rapidly gets the feeling that linearity is to be 
expected, so we have not hesitated to introduce some strai~ 
lines which seem to produce minimum scatters. The results 
computed for recovery factor are shown in Fig. 4.2-14, along 
with the results earlier found using q. One immediatay ob-
serves that the -qualitative nature of the findings is in-
dependent of which q is used. 
The use of q' as in Fig. 4.2-13 has an advantage, in 
that Eq. 3.1(1) has validity in regions of time beyond the 
occurrence of the maximum in the time-temperature curves, 
whereas Eqs. 3.1(2) and (3) do not. Thus, in Figs. 4.2-13 
and -14, one may carry the computations of recovery factor 
beyond 65 seconds. While the values of q' are in these 
cases so small that their straight-line characteristics are 
only poorly defined, nevertheless it seems very clear that 
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the recovery factor rises after reaching a minimum value. 
A very interesting additional circumstance is demon-
strated in Fig. 4.2-14, in which missile acceleration and rate-
of-change of ambient air density are also plotted. The co-
incidence of minimum r with the drop of acceleration to -lg 
is clearly seen. It should be mentioned that acceleration 
effects as discussed by Moore (1951) are of a completely 
different orderl :·!invol ving accelerations of the order of lOOg 
to lOOOg or more. 
If one accepts the ~alidity of the observed behaviour 
of the recovery factor, one finds it difficult to locate an 
explanation ·H.hich seems to be satt ifactory. The drop in r 
is reminiscent of the predicted behavior for slip-flow con-
ditions (Stalder, Goodwin, and Creager (1951)). However, 
a small amount of computations shows that we are still far 
from the slip-flow regime. Furthennore, the experiments re-
ported by the same authors do not substantiate the theory. 
One may also observe a distinct similarity between our 
c~s for rand those found by Eckert and Weise (1942), as 
given by Johnson and Rubesin (1948), and Eckert (1953a). They 
found evidence connecting separation of the boundary-layer 
flow (Section 2.1.3) with rapidly falling values of recov-
ery factor. DeLauer (1953) also reported extraordinarily 
high values of h under conditions of separated flow. Since, 
however, it is by no means cl·ear what mechanism might effect 
such separated flow in our case, such a possibility must re-
main tentative at present; its potential importance does in-
crease the urgency for further examination of the problem. 
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5. Errors of measurement. 
Muah of the material in foregoing sections has been 
concerned with sources and effeats of errors in the present 
experiment. A further account of errors is to be found in 
the report by Low {1954). Various sources of error combin~ 
to yield an overall uncertainty in the values of h of the 
order ± 100%, while r should be accurate to within t 30%. 
An important conalusion reached in the Low report was that 
the effects of radiation losses from the heat meter surfaces 
I 
did not appear to require attempts to correct for them. 
One may identify in particular the discussion in Sec-
tion 4.2.4 concerning the insensitivity of the results for 
I 
h and r to errors in q, as well as the material in Section 
3.1.3 concerning measurements of Tw• Referring to the lat-
ter part of Section 3.1.3, one sees immediately that the 
effect of introducing corrections for time delays in the 
heat meters would be to make the straight lines in Figs. 
4.2-1 and -2 even more nearly perpendicular. The result 
would be to increase the already high values of h, and to 
decrease r still further. The effects of non-isothermal 
surfaces have been discussed at length in Sections 2.1.4, 
3.1.5, and 4.2.3. 
In the following table are listed the major sources 
of error which are recognized in the present experiment. 
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In each case there is included an estimate of the maximum 
siae of such errors. (This is usually not the magnitude of 
the consequent error in h orr.) 
Table 5.1 
Sources of Error 
1. Overall measurement of temperf,!ture; ±6°F, or ±the tem-
perature difference between dual temperature reports, which-
ever is larger. 
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Calibration of resistivity of nickel wire; ± 1 o:F 
Calibration of resistance thermometers in heat meters;±20f 
Calibration of electronic units; ~4% 
Telemetry accuracy and resolution; ±5% NRL; :t 10% AFCRC 
2. Measurement of slope of temperature-time curves; ± 10% 
3. Evaluation of fluid parameters; ± 5% 
4. Heat losses by radiation; ±10% 
5. Heat lo,sses from the heat-meter diaphragm by metallic 
conduction; :t20% 
6. R.ocket Ballistics: .A~titude; ± 1000 ft.; Velocity, ±10%; 
Time, ±1%. 
7. .Atmospheric Temperature ( T0 ) ; ±5°F 
8. Non-isothermal surfaces upstream of heat meters; ±40% 
error in h; z ero error in r. 
9. Temperature discontinuities along the surfaces of the 
lleat meters themselves; ± 25% error in h; zero error 
in r. 
10. Construction of straight lines through only three 
points, and the extrapolation of such straight lines; 
:t 25% error in h; .± 10% error in r. 
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6. Conclusions and recommendations. 
The reported results of very high values of heat-
transfer coefficient and rapidly dropping values of re-
covery factor are probably real, and not due to errors of 
instrumentation or analysis. The explanation of the ob-
servations is not yet clear. It may possibly be that 
separation of flow is indicated, although the mechanism 
for such separation is not recognized at present. 
It seems clear that the unexpected nature of the re-
sul ts here reported, s.nd their potential importance, calls 
for further corroborative work. Such work might well take 
several different courses. .A conclusive experiment would 
appear to be one ~nich again used multiple heat-meter in-
stallations on Aerobee or Viking missiles, but vdth some of 
the heat meters at each rocket station being heated intern-
ally above the adiabe.:tio wall temperature. One would there-
by obtain points below, as well as above, the q;Q axis. Such 
points would increase the reliability of the straight lines 
as in Figs. 4.2-1 and end would overcome any necessity 
for their extrapolation. Experiments should be undertaken 
for the purpose of evaluating suitable correction terms for 
q'. Further attention to effects due to non-isothermal sur-
faces, including temperature discontinuities introduced by 
62 
plug-type heat meters, should be given. Attempts should be 
made to correlate the observed variation in recovery factor 
with parameters other than rocket acceleration. Similarly, 
correlations for h may be sought. Eventually, theoretical 
explanations will be called for if our findings are suppor-
ted by additional experiments. 
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9. Comprehensive Abstract. 
An an~sis is given which treats experimental heat-
transfer data obtained during flights of three V-2 rockets 
and two Aerobee rockets. This work was conducted largely 
at Boston University under Air Force Contracts W28-099-ac-
3Q5 and AF 33(616)-382. The instrumentation and rocket-flight 
phases extended from 1947 to 1952, while the analysis was 
carried out in the period from 1953 to 1955. A total of nine 
V-2 rockets were instrumented to some extent for the purposes 
of this experiment. The missiles for which data have been 
analyzed were chosen on the basis of best perfonnance on the 
part of both instrumentation and rocket. Experimental equip-
ment of special design was produced and installed by the Bos-
ton University group in the rockets which were launched in 
the White Sands area in New Mexico. Extensive field trips 
were required in this connection, both for the experiment on 
heat-transfer and others in which the same group participated 
at the same time. The general program was one of research 
in physics of the upper atmosphere. Since the conclusion of 
the supporting contracts in October of 1954, additional con-
sideration of the eA~erimental results has continued on a 
private basis. 
The data obtained during the course of the present ex-
perlinent were in the form of temperature variations as exper-
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ienced by heat meters which were placed at selected locations 
over the body and fin of the rockets. The heat meters were 
small circular diaphragms of stainless steel which were placed 
flush with the rocket skin. Each diaphragm had on its central 
inner surface a pair of resistance thermometers made of nickel 
wire, with a diameter of 0.002". The thermometers were switched 
in sequence into a resistance bridge. One thermometer had 
always a higher resistance than the other, an arrangement 
which served two purposes. Firstly, the two values of volt-
age for a given temperature permited unambigumus determin-
ation of the direction in which the resistance bridge was 
unbalanced. Secondly, these two values of voltage were han-
dled independently by our own instrumentation, and by the re-
cording or Uiemetry devices. When two such different values 
of voltage were finally translated back into their equivalent 
temperatures, close agreement of the temperature values lent 
considerable support to their accuracy. When the two ther-
mometers reported temperatures which were significantly dif-
ferent from each other, restraint was indicated in trusting 
their accuracy. Fortunately, close agreement of temperatures 
reported by the dual thermometers was the more usual exper-
lince. 
Not just one, but three heat meters were installed at 
each rocket station. One meter in each cluster of three had 
a steel diaphragm of uniform thickness 0.004". A second 
had a thickness of 0.004" except for the central inside 
region, which was 0.060"in thickness. This central boss was 
carefully machined so that thw whole steel diaphragm was a 
single, non-laminated unit. The third meter was similar, 
except its central boss extended to a total thickness of 
Ql25". The dual resistance thennometers were placed on the 
inner surfaces of these bosses. The exterior surfaces of 
all the heat meters were smooth, and essentially identical 
in appearance. The inner surfaces of the steel diaphragms 
were adjacent to small air spaces and radiation shields, 
thus limiting heat losses to the interior. The diaphragms 
were mounted on brass cylinders which were in turn fastened 
securely to the rocket skin. A single wire resistance ther-
mometer reported the temperature of the brass rim of one meter 
in each cluster of three meters. 
An AC voltage of about 2 volta at approximately 1200 
cps., was applied in turn to each resistance thermometer as 
it was switched into the resmstance bridge. The power del-
ivered to each thermometer was approximately seven milliwatts, 
which had an inconsiderable heating effect. The output from 
the resistance bridge was amplified, detected, and adjusted 
for proper voltage and impedance levels to be handled by the 
'15 
various recording and telemetry devices supplied by other 
agencies. Those agencies furnished records of trace deflec-
tions versus time for the period of missile flight. Such 
records were translated by the Boston University group into 
temperature-time curves for each heat meter. 
Knowing the thermal capacity of each heat meter, one 
may use the time rate of change of temperature to compute 
the average rate of heat influx to the meter at any instant. 
During the raket flight, the source of such heat was the 
frictional dissipation in the high-velocity boundary-layer 
of air which lay adjacent to the skin of the missile. The 
rate at which such boundary layers transfer heat is charac-
terized by the nature of the flow in the boundary layer. 
If the boundary layer is turbulent, heat is transferred at 
a recognizably greater rate than when it is laminar. A 
principal goal of the experiment was to provide additional 
information concerning the conditions under which laminar 
and turbulent flows existed on a rocket. 
The ability of a boundary layer to transfer heat at a 
rate q BTU/ft2sec. is usually measured in terms of a heat-
transfer coefficient (h) defined by the equation 
where 
76 
To is the temperature of the free stream, U0 is the v~ 
ocity of the rocket with respect to the free stream, r is 
the temnerature recovery-factor, and Tw is the temperature 
at the surface of the wall. A good deal of evidence shows 
that, for the steady state, r should be about 0.90 for tur-
bulent flows, and approximately 0.85 for laminar flows in 
air. 
Employing such values of r, and experimental values 
for Tw and q, one may determine corresponding values of h 
for the various heat meters during the rocket flight. The 
results of such manipulations were found generally to lie 
within the expected limits of turbulent and laminar flow 
conditions. Indications of transition from turbulent to 
laminar conditions were seen in a range of Reynolds numbers 
around 10°, which also was in the expected range. However, 
the values of h as computed from the three heat meters in a 
given cluster, differed violently among themselves. They 
seemed to be very strong fUnctions of the variable Tw, where-
as they were expected to depend only mildly thereon. 
However, when values of q were plotted against Tw for 
given flow conditions, the result was often very nearly a 
straight line. This immediately showed that h tended to be 
independent of Tw• Moreover, the value of h could be deduced 
at once from the slope of the straight line, and the value of 
'/7 
r from its intercept with the Tw axis. (For convenience, 
the ratio Tw/Tst was plotted in place of Tw.) When this 
was done for all the data for the five missiles, two start-
ling facts appeared. The values of h were always much higher 
than were theoretically expected, while the value of r, though 
normal at early flight times, dropped rapidly as the missile 
accelerated. Minimum values of r were usually found to lie 
in the range 0.2 to 0.3. 
It should be emphasized that the method of treating ~e 
experimental results to give such unexpected consequences de-
pends entirely upon there being two or more different heat 
meters at each rocket station. The present experiment was 
apparently the first (and only) one ~mich permitted such 
treatment of its data. This explains why similar results 
have not been observed elsewhere. 
The high values of h and low values of r were quite 
unexpected, and cannot be satisfactorily explained as yet, 
either by correcting for errors which may be reasonably ex-
pected, or by suggesting a physical phenomenon whose existence 
is well established. The low values of reco~ery factor may 
possibly be related to other experimental observations made 
in separated flows, although there is some doubt concerning 
the interpretation of the latter measurements. A brief 
report has also been found which relates high values of h to 
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conditions in separated flow. Still other effects may 
possibly be involved. Efforts to reduce the values of h to 
expected ranges by correction for non-isothermal surface 
effects, as well as temperature discontinuities in the heat 
meters themselves, have not met with success. It is noted 
that such effects apparently do not make themselves felt on 
the recovery factor, according to theory. 
Some suggestions are given for further work to corrob-
orate the measurBments reported here. 
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